Rationale: Successful transmission of tuberculosis depends on the interplay of human behavior, host immune responses, and Mycobacterium tuberculosis virulence factors. Previous studies have been focused on identifying host risk factors associated with increased transmission, but the contribution of specific genetic variations in mycobacterial strains themselves are still unknown.
Transmission of pulmonary tuberculosis (TB) occurs through inhalation of smalldroplet nuclei containing Mycobacterium tuberculosis bacilli that enter the lungs, evade killing by the innate immune system, and replicate intracellularly. If a series of transmission events occurs over a relatively short time, one can identify a group of patients with M. tuberculosis strains that are genotypically highly similar. Epidemiologists often use molecular fingerprinting to characterize the genetic similarity among a group of strains; strains that share a molecular fingerprint are described as "clustered" (1) and are inferred to be the result of recent transmission rather than the reactivation of a previous infection.
Host factors can affect TB transmission and disease progression (2) , but recent molecular epidemiological studies have shown that M. tuberculosis strains also differ in their ability to cause pulmonary disease (3) and their proclivity to infect contacts (4) or cause secondary cases (5, 6) . This variability may reflect the strains' ability to subvert innate (7, 8) and/or adaptive (9, 10) immunity or their ability to exploit the host immune system by inducing a detrimental inflammatory response (11) leading to tissue damage (12, 13) and formation of cavities that enable disease spread (14) . Cytokines play a pivotal role in these events; insufficient production of proinflammatory cytokines may lead to uncontrolled mycobacterial growth, whereas overproduction may lead to tissue damage (15) .
Phylogenetic differences in cytokine response (16, 17) suggest that specific microbial genetic determinants may underlie transmission-related phenotypes. Several studies have used M. tuberculosis mutants in vitro and experimental models to identify the role of a few individual genes in transmission-associated phenotypes (18) . However, further elucidation of the full spectrum of genes affecting transmission could improve our understanding of the host-pathogen relationship in TB.
We aimed to identify loci under positive selection for clustering by analyzing whole M. tuberculosis genomes from clustered and unclustered isolates for evidence of convergence. Following the hypothesis that clustered strains have consistent genetic differences compared with unclustered ones, and that the genes or intergenic regions implicated in these differences affect the host immune response, we performed a functional validation of the newly identified targets of independent mutation (TIMs) by measuring in vitro cytokine production and neutrophil responses.
Methods

Clinical Isolates
We selected 100 mycobacterial strains with extreme phenotypes at both ends of a transmissibility spectrum. We considered strains to be highly transmissible if they came from clusters of active TB cases lacking known risk factors for being part of a cluster. Similarly, we considered strains to be minimally transmissible if they were unique (unclustered) and isolated from patients (e.g., homeless individuals with class 3 sputum smear-positive pulmonary TB) with increased risk for clustering. To classify strains as such, we used data on host risk factors for clustering to estimate the cluster propensity to propagate (CPP), a summary measure of risk for transmission of patients belonging to a particular TB cluster (see Table E1 in the online supplement) (19). This CPP was calculated for 10,389 patient isolates, with clusters defined by DNA fingerprinting (20, 21) . CPP was significantly higher in clustered versus unclustered strains, although the CPP rapidly plateaus with increasing cluster size ( Figure E1 ). Because there is no basis for sample size calculation in studies associating genomic variants with transmissibility (22, 23) , we arbitrarily chose 100 strains for whole-genome sequencing (WGS): 66 unclustered strains and 34 clustered strains. Strains for the clustered phenotype were picked at random from 56 unique cluster fingerprints (5 pairs of strains came from within the same cluster). The 100 selected strains were all drug sensitive and belonged to patients originating from 44 different countries. At least one strain from both phenotypes (clustered and unclustered) and from each the four major M. tuberculosis lineages was represented. In an independent dataset (n = 143), we contrasted clustered and unclustered strains collected from patients of different geographical backgrounds. Most of these strains were drug resistant (Table E2) .
Phylogeny Construction
Strains underwent WGS and variants were called (see online supplement). We then constructed a phylogeny on the basis of multiple-sequence alignment of the sequences, excluding single-nucleotide polymorphisms (SNPs) that occurred in repetitive elements, including PE/PPE and PGRS genes.
Phylogenetic Convergence Test for Selection
We used our previously developed method, the phylogenetic convergence test (PhyC) for selection, to identify genetic loci associated with clustering. For each nucleotide position in the genome, we counted the number of convergent SNPs and insertions/deletions ("Indels") in clustered and unclustered branches, respectively, counting only one strain per cluster. We therefore assessed the significance of each convergent SNP or Indel compared with the empirical background distribution using a permutation test (22) . We performed a genome-wide association study and identified five loci as targets of convergent evolution among transmissible strains, four of which were confirmed in an independent validation cohort. We subsequently demonstrated that mutations in these targets are associated with altered in vitro immune responses. To our knowledge, this is the first study to integrate molecular and conventional epidemiology with in vitro immunological assays to identify bacterial factors associated with tuberculosis transmission.
At a Glance Commentary
Protein Prediction
We used two protein prediction algorithms, I-Mutant v2.0 (http://folding.biofold. org/i-mutant/i-mutant2.0.html) and PolyPhen-2 (http://genetics.bwh.harvard. edu/pph2/), to predict the functional impact of the significant SNPs on protein structure and function.
Immunological Experiments
Nineteen strains from the initial study were recultured, heat killed, and bead beated. Peripheral blood mononuclear cells from 12 healthy donors were stimulated with 3 mg/ml of lysate for production of tumor necrosis factor-a (TNF-a) (4 and 24 h); IL-1b, IL-1RA, IL-6, and IL-10 (24 h); and T-cell cytokines IL-17, IL-22, and IFN-g (7 d) (17, 24) . We also stimulated isolated polymorphonuclear cells (PMNs, largely consisting of neutrophils) for 1 hour and measured the production of reactive oxygen species (ROS) (six donors) after 6 hours using luminol-enhanced chemiluminescence, and neutrophil apoptosis and cell death with flow cytometry (eight donors). We constructed multivariate mixed models to exploit the covariance between assays and to control for lineage effect and interdonor variability and compared null models without assay-specific TIM indicators with full models with these indicators using likelihood ratio tests.
Results
TIMs
The primary set of 100 selected strains included 66 clustered isolates with a low predicted CPP (mean CPP, 0.75; SD, 0.01) and 34 unclustered isolates with a high predicted CPP (mean CPP, 1.02; SD, 0.30) ( Figure E1 ). We conducted two parallel PhyCs to identify either individual nucleotide positions or genes and intergenic regions where cluster-associated mutations F4  H7  F5  G1   D9  G7  B5  G10  G5   G3   C5   E3   G4  G8   G2   C2  A7   A6   F12  G6  H10   H4  C11  D1  E1  F3   F10  E6   E12   B7   NLA0009011   F11   D8   C1   D7   E10   NLA0008003   NLA0002012   A5  B3   E4  F1   F7  C6  H2  C9  B10  E5  G12  H6  H3  E9  A2  B11  H9  H8   B8  E8   E11  D2   C3  A10   A12  D4  A3  B4  E7  B9   D3   F6  B6  C12  C8  A1  A4  B12  A8  C7  E2  F8  H11  NLA0009013  F2  D11  H5  F9  G9   D6  C10   G11   D12   B2  D10   NLA0005014   D5  H1   B1  C4 0.0090 occur frequently along disparate locations in the phylogenetic tree ( Figure 1 ). Regionlevel PhyC detected three genes and two intergenic regions as statistically significant TIMs (P , 0.05) ( Table 1) . A total of 12 SNPs, 2 insertions, and 31 deletions were found in these TIMs, including 1 SNP and 2 deletions that were also found to be significant by the site-level PhyC (Table E3) . TIMs in the PE-PGRS56 gene occurred solely in clustered branches, whereas those in espE, Rv0197, Rv2813-2814c, and Rv2815-2816c were also found in unclustered branches, but at a lower rate than in clustered branches (depicted for espE in Figure E2 ). Analysis of the validation set of 143 strains confirmed four of five genes or intergenic regions (Table 1 ), including Rv0197, in which PhyC detected the same nonsynonymous coding site (234,477TG). The TIMs occurring in the PE-PGRS56 gene could not be validated, because their occurrence in the original dataset was restricted mostly to lineage 1, which made up only 3.4% of the validation dataset.
Deleterious Effect of SNP TIMs on Proteins
All 12 SNPs in genes Rv0197 and espE are predicted to adversely affect the respective proteins (Table E4) 
Association between TIMs and Induction of Cytokine Responses
Reasoning that genetic variation associated with transmissibility might be mediated through the host response, we next examined in vitro cytokine responses in strains with and without convergent changes. The distribution of TIMs across the strains is depicted in Figure E3 and Table E5 .
Mutations in two of the targets we identified, espE and Rv2813-2814, were associated with alterations in monocyte cytokine production (P , 10 24 ) (Table 2, Figure 2 ) in the multivariate mixed model. In the secondary analysis (see Table E6 ), mutations in espE were associated with decreased production of IL-10 (P = 1.7 3 10 28 ) ( Figure 3A ) and TNF-a (at 4 h; P = 8.0 3 10 23 ), and mutations in Rv2813-2814c were associated with increased production of TNF-a (P = 2.5 3 10 23 ), IL-1b (P = 7.7 3 10 23 ), and IL-10 (P = 1.9 3 10 23 ). Of the five genes or intergenic regions, only PE-PGRS56 affected T-cell cytokine responses (P = 5.4 3 10 23 ), and in our secondary analysis, this was associated with lower IFN-g production (P = 1.6 3 10 23 ) ( Figure 3B ).
Association between TIMs and Response of Neutrophils
We next examined the effects of TIMs on in vitro responses of neutrophils, given their putative role in transmission and clinical manifestation of TB in the same 19 strains. In the multivariate mixed effects model, we found that Rv2813-2814c affected PMN responses (P , 10 24 ) with lower ROS production (P = 4.8 3 10 24 ) ( Figure 3C ) and higher early apoptosis (P = 3.6 3 10 23 ) in secondary analysis.
Discussion
We identified five genes and intergenic regions (espE, PE-PGRS56, Rv0197, Rv2813-2814c, and Rv2815-2816c) as TIMs in clustered M. tuberculosis strains. We confirmed four of five genes and intergenic regions in a second dataset, despite differences in lineages and drug resistance profiles between the original and validation datasets. The TIMs we identified are predicted to alter the function of their respective proteins, and three of five identified genes or intergenic regions were associated with altered cytokine production or PMN responses, supporting the hypothesis that they confer a selective advantage for TB transmission. Previous experimental studies have established the importance of three of the identified genes or intergenic regions, including espE, which proved essential for M. tuberculosis virulence in a number of animal studies (25) (26) (27) (Table E7) . Further support for our findings stems from other genomic epidemiological studies. Nonsynonymous SNPs (albeit different from the ones identified in this study) and a frameshift mutation in espE were found to be more common in Mycobacterium africanum strains relative to H37Rv (28) and to be implied in their reduced ability to induce a CD4-cell ESAT-6-induced IFN-g host response (29, 30) . Similarly, in a previous study, researchers identified a large sequence polymorphism associated with clustering in a gene (MT1801) encoding molybdopterin oxidoreductase, which is also encoded by Rv0197 (31). In another study, researchers reported that an M. tuberculosis strain Response to Mycobacterium tuberculosis strain with or without mutations in the three targets of independent mutation that showed an effect in the primary analysis. Relative differences for individual assays in the secondary analysis are indicated by the difference between the thick black line (mutation present) and the thin reference line (no mutation) for each of the following targets of independent mutation that significantly influenced at least one assay group: (A) espE, (B) PE-PGRS56, or (C) Rv2813-2814c. Shaded area represents the 95% confidence interval, corrected for the fact that five genes or intergenic regions were tested for each assay. *P , 0.05/5 = 0.01. **Significant after further correcting for number of assays per group (i.e., 0.05/[5 3 6] for monocyte cytokines and P , 0.05/[5 3 3] for T-cell cytokines and polymorphonuclear neutrophil [PMN] assays). Significance in the primary analysis is indicated by a colored confidence interval for monocyte cytokines (blue), T-cell cytokines (red), and PMN assays (green). TNF = tumor necrosis factor.
showed a clear and statistically significant effect on monocyte or T-cell cytokine production or PMN responses. M. tuberculosis strains with TIMs in PE-PGRS56 induced lower production of IFN-g, which is unequivocally seen as a key factor in protection against TB (15, 33) . Two other TIMs were associated with altered production of the monocyte cytokines IL-10 and TNF-a, which are involved in M. tuberculosis killing as well as damaging immunopathology, both of which may affect TB transmission (15) . In line with our previous comparison of in vitro cytokine responses to different M. tuberculosis lineage strains (17) , TNF-a and IL-6 induction in this study was higher in lineage 4 (ancient) than in lineage 1 (modern) strains. These lineage effects may depend on strain selection, as shown in a study by Reiling and colleagues (34) , who found opposite results. The aim of our study was not to discern lineage effects; therefore, we corrected for these lineage effects in our statistical model. With regard to neutrophils, strains harboring cluster-associated mutations in Rv2813-2814c induced significantly lower ROS production and early apoptosis. Neutrophils are considered protective during early infection, when they are recruited to the site of infection, phagocytose mycobacteria (35) or mycobacteria-infected macrophages (36) , and resist mycobacterial growth using ROS (36) . Children with chronic granulomatous disease have a reduced oxidative burst and are more susceptible to TB (37) . Neutrophil ROS also correlates with apoptosis (7). Although speculative, lower induction of ROS production might as such contribute to disease progression and higher transmission of certain strains.
This study has several limitations. First, phenotype misclassification, most notably that of highly transmissible strains as unclustered, is a possibility among "imported" strains (those belonging to patients born outside the Netherlands: 53 vs. 88% in unclustered and clustered strains, respectively). Average follow-up time, however, as indicated by proxy data on "days resided within the Netherlands" at the time of diagnosis, among "imported" cases within the unclustered cohort was 3,607 days (ranging from 321 to 10,874 d). In other words, it is reassuring that, with the exception of one case (where the number of days resided within the Netherlands was 321 d), all the remaining "imported" cases classified as unclustered had been in the Netherlands for at least 4 years. Second, the difference in drug resistance profiles and related parameters, such as treatment efficacy between the original and validation cohorts of strains for the PhyC, could have introduced bias in measurement of the transmissibility phenotype (Table E2 ). The facts that transmission of drug-resistant strains has been widely documented (38, 39) and that mathematical models have estimated the transmission cost of drug resistance to be as low as 10% (40) suggest that the overall fitness for transmission of drug-resistant strains is comparable to that of sensitive strains. The possibility for epistasis indeed exists; in 2016, for example, multidrugresistant strains in China with rpoC compensatory mutations were found to be more likely than their drug-sensitive counterparts to be clustered (41) . Future PhyC tests stratified by drug resistance would identify such potential (positive or negative) epistatic mutations, as has already been attempted using epidemiological tools (42) . In the present study, however, confirmation of four of the five genetic markers associated with transmission in the validation dataset reduces the risk of falsepositive findings. Finally, the inclusion of additional key host factors that may influence disease transmissibility, such as the level of TB exposure (i.e., via prospective household contact data) and pulmonary cavitation, could improve the ability to isolate bacterial factors influencing transmissibility in the future.
Validating our findings for longitudinally collected strains from other low-burden settings and at a nationwide level could further increase the significance of our results. An adequately sized and publicly available WGS dataset as described was not available at the time of our analysis, however. In high-burden TB settings, we would expect crowding, treatment delays, and host risk factors (e.g., malnutrition, uncontrolled diabetes) to be more important for transmission. These factors could be controlled for using the CPP measure.
Whether the sum of all these factors acting in synergy to facilitate transmission in highburden settings translates to a reduced selective pressure for genomic adaptations in M. tuberculosis itself remains an interesting question.
Of note, we performed in vitro cellular stimulation, aiming to find biological support for the epidemiological associations identified through convergent evolutionary analysis and not to identify specific effects of individual TIMs on in vitro cellular responses. Such effects cannot be identified in this study, because multiple TIMs were present in single strains in this dataset (Table E5) . For this purpose, additional studies using mutagenesis or recombination-mediated genetic engineering to isolate the mutational effects should be performed. It is no surprise that no single pattern of cytokine production or PMN response was found for the five genes or intergenic regions, because M. tuberculosis has different strategies to subvert or resist the host immune system or to use it to its advantage.
In summary, we present evidence based on an evolutionary convergence analysis that five M. tuberculosis genes or intergenic regions confer a selective advantage promoting the transmission of M. tuberculosis and/or TB disease progression, and that these genetic elements influence the response of the host to the mycobacteria. These findings serve as an important step forward in the quest for an improved understanding of the microbial genetic determinants of TB transmission. n Author disclosures are available with the text of this article at www.atsjournals.org.
